Abstract: Oxidative cleavage of carbon-carbon double bonds of cyclic olefins with hydrogen peroxide in the presence of heteropolyacids has been investigated as a clean and environmentally friendly preparation of polycarboxylic acids. In the presence of 12-tungstophospholic acid (H 3 PW 12 O 40 ), adipic acid was obtained in 95% yield from cyclohexene in lipophilic phase and hydrogen peroxide in aqueous phase. In addition, 1,2,3,4-butanetetracarboxylic acid was also obtained in 87% yield from 1,2,3,6-tetrahydrophtharic acid anhydride, while endic acid anhydride did not afford corresponding 2,3,6-cyclopentanetetracarboxylic acid but only lactone compound was obtained. In this oxidation process, oxidative cleavage of carbon-carbon double bonds would proceed as the sequential reactions in which the rate determining step is oxidative cleavage of vicinal-diol compounds.
INTRODUCTION
Industrially important polycarboxylic acids have been synthesized by oxidative cleavage of carbon-carbon double bonds of cyclic olefins. For example, adipic acid has been prepared from cyclohexene and used as raw materials of polyesters and 6, 6-nylon.
Many kinds of reagents for oxidative cleavage of carboncarbon double have been investigated so far. For example, potassium permanganate, potassium dichromate, ruthenium tetraoxide, osmium tetraoxide, sodium hypochlorite, sodium periodate, ozone, nitric acid and hydrogen peroxide are well known [1] [2] [3] . Among them, hydrogen peroxide is a low-costed oxidizing reagent as well as molecular oxygen, and also a clean and environmentally friendly reagent. Venturellro et al. proposed a method of synthesizing polycarboxylic acids from lipophilic olefins using the system of hydrogen peroxide-sodium tungstate -quaternary ammonium salt 4) . Furthermore, Noyori et al. also investigated oxidative cleavage of olefins using similar system 5) . In those systems, quaternary ammonium salt may be favorable to transfer hydrogen peroxide-tungstate into lipophilic olefins. However, several embarrassing operations are remained; removal of free hydrogen peroxide concentrated in organic phase, and separation process of quaternary ammonium salt. Meanwhile, heteropolyacids consisting of multiple oxo acids, such as tungstophospholic acid, tungstosilicilic acid, molibudophospholic acid and molibudosilicilic acid are known to possess both strong oxidizing power and acid strength 6) . Accordingly, in recent years, hetropolyacids have been used as industrial solid acid catalysts.
In this work, on assuming that oxidative cleavage by hydrogen peroxide without quaternary ammonium salt would proceed by using heteropolyacids as catalyst, we investigated oxidative cleavage of cyclic olefins by 12-tungstophosphoric acid-hydrogen peroxide system.
EXPERIMENTAL

1
Cyclohexene and dicyclopentadiene were reagent grade of Wako Co., Ltd.. 1,2,5,6-Tetrahydrophthalic acid anhydride (THPA) was industrial grade of Rikacid TH (New Japan Chemical Co., Ltd.). Endic acid anhydride was industrial grade Kayahard CD (Hitach Kasei Co., Ltd.). Hydrogen peroxide (60%) was industrial grade (ADEKA Co., Ltd.). 12-Tungstophosphoric acid 29 hydrate (H 3 PW 12 O 40 ) was industrial grade (Nihon Muki Kagaku Kogyou Co., Ltd.) and 12-tungstosilicilic acid was purchased from Wako Co., Ltd..
2.2.1 Gas chromatograph analysis (GLC analysis)
Citric acid as internal standard was added into the reaction solution. After removal of water under reduced pressure, the residue was dissolved into dry pyridine, to which trimethylchlorosilane and hexamethyldisilazane were added to convert to silyl esters. The pyridine solution was analyzed directly by GLC using GC4A-PTF (Shimadzu) and Silcone OV-1 (1m) at 180 .
Neutralization value analysis (NV analysis)
Neutralization value (NV) was calculated as the amount of carboxylic acid in the reaction solution with reference to "Standard Methods for the Analysis of Fats, Oils and Related Materials" 7) . The reaction was carried out in a 500 mL four-neck flask equipped with a large mechanical stirrer and reflux condenser. A mixture of 30.4 g of THPA 3 (0.200 mol), 60 g of water and 1.0 g of H 3 PW 12 O 40 was stirred for 1 h at 100 under reflux. After cooling to 70 , 15g of 60% H 2 O 2 (0.26 mol) was added dropwise for 1 h with keeping at 70 under cooling by ice bath. Furthermore, 42 g of 60% H 2 O 2 (0.74 mol) was added dropwise for 3 h, and the reaction temperature was elevated to 90 and maintained for 10 h.
According to GLC analysis, 0.172 g of 1, 2, 3, 4-butantetracarboxylic acid (BTC) was obtained (yield 86%). was identified by comparing the 1 H nmr spectrum with literature 8) . Amount of carboxylic acid was calculated 0.72 mol by NV analysis. (b) Oxidation of THPA in the presence of 12-tungstosilicilic acid Except of using 12-tungstosilicilic acid 26 hydrate, the reaction was carried out in a similar way noted above. According to GLC analysis, 1, 2, 3, 6-tetrahydrophthalic acid 5 (THP) was consumed completely, and 4, 5-dihydroxyhexahydophthalic acid (DHHP) and BTC were obtained 0.14 mol and 0.02 mol, respectively. Amount of carboxylic acid was calculated 0.43 mol by NV analysis.
Preparation of 4,5-dihydoxyhexahydrophthalic acid
(DHHP) To a 5000 ml four-neck flask, 500 g of THPA 3 (3.29 mol), 1000 g of water and 4.0 g of H 3 PW 12 O 40 were added. After stirring for 1 h at 60 , 225 g of 60% H 2 O 2 (3.97 mol) was added dropwise for 1 h with keeping at 60 under cooling. After complete addition, the reaction temperature was raised to 80 and kept for 4 h. The mixture was concentrated to 1/3 part weight by removal of water under reduced pressure at 50 , solid deposition occurred. 1 L of ethyl acetate was added and stirred for 1 h at 50 and cooled to room temperature. The slurry was filtrated and dried to afford 470 g of powder. According to GLC analysis, this powder was a mixture of DHHP , BTC , others, whose yields were 94%, 2% and 4%, respectively. NV of this powder was 546 mg KOH/g (theoretical value of DHHP: 550 mg KOH/g). DHHP was purified by recrystallization with water.
:
(DHHP) To a 500 ml four-neck flask, 20.4 g of DHHP (0.100 mol), 60 g of water and 1.0 g of H 3 PW 12 O 40 were added. After stirring for 1 h at 60 , 29 g of 60% H 2 O 2 (0.50 mol) was added dropwise for 1 h. After complete addition, the reaction temperature was elevated to 90 and maintained for 10 h. According to GLC analysis, 0.082 mol of BTC was produced (yield 87%).
Oxidation of endic acid anhydride
To a 500 ml four-neck flask, 32.8 g of endic acid anhydride (0.20 mol), 60 g of water and 1.0 g of H 3 PW 12 O 40 were added and the mixture was stirred for 1 h at 100 under reflux. After cooling to 70 , 57 g of 60% H 2 O 2 (1.00 mol) was added dropwise for 1 h, and the reaction temperature was elevated to 90 and maintained for 10 h. According to NV analysis, amount of carboxylic acid was calculated 0.24 mol. By the use of saponification value analysis 9) was added dropwise for 1 h with keeping at 60 . After complete addition, the reaction temperature was elevated to 90 and maintained for 3 h. According to GLC analysis, even though many peaks were observed, 2, 3, 5-tricarboxylcyclopentylacetic acid was not detected. By NV analysis, amount of carboxylic group was calculated 0.12 mol.
RESULTS AND DISCUSSION
1
On investigating oxidative cleavage of carbon-carbon double bonds of cyclic olefins, cyclohexene was chosen as a typical cyclic olefin.
The oxidation of lipophilic substance by aqueous reagent like hydrogen peroxide takes place at the oil/water interface region. Accordingly, key point is how to keep the concentration of oxidizing active species high at the interface. The method using sodium tungstate -quaternary ammonium salt 4) proposed by Venturellro et al. was designed to transfer pertungstate anion, oxidizing agent, into organic phase by the aids of quaternary ammonium salt as phase transfer catalyst. In their system, hydrogen peroxide does not oxidize cyclohexene directly, but regenerates pertungstate that is an active species. Meanwhile, Misono et al. reported the synthesis of adipoaldehyde from cyclohexene by oxidation using hydrogen peroxide, 12-tungstophosphoric acid (H 3 PW 12 O 40 ) , and tributylphosphate 10) . In his oxidation system, tributylphosphate was added to dissolve free hydrogen peroxide into organic phase. In other word, their oxidation would proceed at the organic side of oil/water interface. Similarly, Ji et al. reported a oxidation using sodium tungstate-hydrogen peroxide in a polyethylene glycol(PEG)-2000/NaHSO 4 aqueous biphasic system 11) . However, a problem that free hydrogen peroxide may be concentrated into organic phase would still remain in both methods. Furthermore, some other investigations without using quaternary salts are also reported 12), 13) . In this work, as shown in , we assumed that a cycle between H 3 PW 12 O 40 and its peroxo-acid would be formed in aqueous phase by the action of hydrogen peroxide, and the concentration of 12-tungstophosphoric peroxoacid can be kept constant, and would contact with cyclohexene at oil/water interface. Namely, Oxidation-A is a step of (re)generation of 12-tungstophosphoric peroxoacid from H 3 PW 12 O 40 with hydrogen peroxide, and Oxidation-B is a step of oxidation of C=C bonds to dicarboxylic acids by . Therefore, it can be expected that oxidative cleavage using hydrogen peroxide can proceed at the aqueous side of oil/water interface by vigorous stirring to increase the interface area, the use of large amount of heteropolyacid such as H 3 PW 12 O 40 , and immediate regeneration of peroxo-acid catalysts with hydrogen peroxide.
At first, 30% H 2 O 2 was added to cyclohexene in the presence of H 3 PW 12 O 40 under vigorous stirring and reflux condition. Indeed, oxidation proceeded, but reaction rate was slower than expected. Then, 60% hydrogen peroxide was employed throughout this work. At initial stage of the reaction, cyclohexene separated from aqueous hydrogen peroxide due to its lipophilicity, and then the reaction solution refluxed at 74 , which is close to the azeotropic temperature of water-cyclohexene. With time, the reflux temperature elevated from 74 to 100 , and finally adipic acid and gultaric acid were obtained as the oxidative cleavage products in 95% and 3% yields, respectively. Because of considerably low solubility of cyclohexene in water, vigor- 
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ous stirring was quite important to increase the interface area between water and cyclohexene by braking up. Moreover, as the oxidation product, adipic acid, is water soluble, vigorous stirring would also enhance dissolving of adipic acid and freshening the interface, and the oxidation would be accelerated. As a result, with H 3 PW 12 O 40 -hydrogen peroxide system, the oxidative cleavage of carbon-carbon double bonds of cyclohexene proceeded successively even without any additives such as quaternary ammonium salt. Our oxidative cleavage system can be highly assessable because of using a clean and environmentally friendly reagent, hydrogen peroxide, and no need of embarrassing removal of quaternary ammonium salt.
As there are various cyclic olefins having the cyclohexene structure, we further studied the availability of oxidative cleavage by H 3 PW 12 O 40 -hydrogen peroxide system. 1, 2, 3, 4-Butanetetracarboxylic acid (BTC) is one of the typical tetracarboxylic acid and has been used as a raw material of polyimide or anti-wrinkle agent of cellulose textiles. BTC has also been obtained by oxidative cleavage of carbon-carbon double bond of 1, 2, 3, 6-tetrahydrophthalic acid (THP) or its anhydride (THPA), which is easily prepared by Diels-Alder reaction of 1, 3-butadiene and maleic acid anhydride and also has a cyclohexene structure. Next, we investigated the oxidative cleavage of THPA .
Fortunately, in this case, THPA is hydrolyzed to water soluble THP . Similar to the oxidation of cyclohexene, 60% H 2 O 2 was added dropwise to aqueous solution of THP in the presence of H 3 PW 12 O 40 under vigorous stirring. After reacted at 90 for 10 h, BTC was obtained in 86% yield by GLC analysis.
To study reaction mechanism, we tracked changes in composition of reaction mixture by means of GLC analysis and NV analysis as progression of reaction. In GLC analysis, 3 peaks were observed and identified as THP , BTC and 4, 5-dihydroxyhexahydrophthalic acid (DHHP). The variation of GLC composition analysis of reaction solution was shown in . Also, shows the fairly good relation between NV and GLC compositions of BTC , which indicates that the increase in NV should be attributed to the formation of BTC .
As shown in , THP was completely consumed in 1 h, and at initial stage THP was converted to DHHP almost quantitatively. As the reaction progressed, DHHP was converted to BTC . As can be seen in , 2 h were necessary to consume THP completely, and the conversion of DHHP to BTC was very slow, and BTC was obtained only 8% even after 6 h. According to those results, it can be reasonably considered that the oxidation reaction with H 3 PW 12 O 40 -hydrogen peroxide system is consisting of sequential reactions and the rate-determining step is oxidative cleavage of DHHP to BTC . Interestingly, by the semi logarithm plot of the variation of DHHP vs. time, it was found that the decrease of DHHP follows to pseudo-first-order kinetics.
Besides, we also prepared DHHP and subjected to the
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oxidation with 60% hydrogen peroxide in the presence of H 3 PW 12 O 40 . As expected, the final product BTC was obtained in 87% yield. As widely accepted, the formation of DHHP from THP is a facile oxidation reaction. Though insufficiently, hydrogen peroxide itself afforded DHHP in the presence of catalytic amount of sulfuric acid, which may mean that 12-tungstophosphoric peroxo-acid would not always be necessary. However, judging from the fact that hydrogen peroxide alone did not oxidize DHHP any more, peroxoacid is absolutely essential for oxidative cleavage of DHHP to BTC .
Therefore, as shown in , it can be concluded that oxidative cleavage of THP would proceed as follows: at first THP would be oxidized to 4,5-epoxy-1,2,3,6-tetrahydrophthalic acid , though not isolated, and was immediately hydrolyzed to vicinal diol DHHP , and finally cleaved to BTC as the rate determine step.
3
The oxidation of endic acid anhydride , which has a structure bridged by methylene between 3-position and 6-position of THPA , was also investigated. According to Rubinshtein et al., cyclopentanetetracarboxylic acid was obtained by oxidation of with nitric acid 14) .
Similar to the case of THPA , oxidation with H 2 O 2 in the presence of H 3 PW 12 O 40 occurred. However, though 60% hydrogen peroxide was used, expected could not be obtained, but monolactone compound was obtained. In the case of oxidation of THP , immediate hydrolysis of epoxy compound to vicinal diol (DHHP) and following oxidation to tetracarboxylic acid (BTC) would proceed. In this case, however, epoxy compound would not be hydrolyzed to diol, but intramolecular esterification (lactonization) would be preferred as shown in . Kas'yan et al. also reported that monolactone was obtained by heating epoxy-endic acid anhydride in water 15) . It is reasonably considered that monolactone is stable in this reaction condition, not hydrolyzed to vicinal diol, and so not oxidized to .
Additional investigations are necessary for oxidation of lactone to carboxylic acid .
4
Dicyclopentadiene , as another example having cyclohexene ring, was also studied because Hession et al. reported that oxidation of dicyclopentadiene using nitric acid give 2,3,5-tricarboxylicyclopentylacetic acid 16) .
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